A B S T R A C T
Background. Immunoglobulin A nephropathy (IgAN) is the most prevalent primary chronic glomerular disease, in which the mucosal immune response elicited particularly in the tonsils or intestine has been estimated to be involved in the development of the disease. To explore the relationship between IgAN and bacterial flora in the tonsils, we conducted a comprehensive microbiome analysis. Methods. We enrolled 48 IgAN patients, 21 recurrent tonsillitis (RT) patients without urine abnormalities and 30 children with tonsillar hyperplasia (TH) who had undergone tonsillectomy previously. Genomic DNA from tonsillar crypts of each patient was extracted, and V4 regions of the 16S ribosomal RNA gene were amplified and analysed using a high-throughput multiplexed sequencing approach. Differences in genus composition among the three study groups were statistically analysed by permutational multivariate analysis of variance and visualized by principal component analysis (PCA). Results. Substantial diversity in bacterial composition was detected in each sample. Prevotella spp., Fusobacterium spp., Sphingomonas spp. and Treponema spp. were predominant in IgAN patients. The percentage of abundance of Prevotella spp., Haemophilus spp., Porphyromonas spp. and Treponema spp. in IgAN patients was significantly different from that in TH patients. However, there was no significant difference in the percentage of abundance of any bacterial genus between IgAN and RT patients. PCA did not distinguish IgAN from RT, although it discriminated TH. No significant differences in microbiome composition among the groups of IgAN patients according to clinicopathological parameters were observed.
Conclusions. Similar patterns of bacteria are present in tonsillar crypts of both IgAN and RT patients, suggesting that the host response to these bacteria might be important in the development of IgAN.
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I N T R O D U C T I O N
Immunoglobulin A nephropathy (IgAN) is the most prevalent primary chronic glomerular disease worldwide and is characterized pathologically by deposits of immunoglobulin A (IgA) in the mesangium on immunofluorescence microscopy [1] . About 20% of IgAN patients progress to end-stage renal disease within 20 years despite treatment [2] . It has been reported that tonsillectomy is beneficial for long-term renal survival over an observation period of 20 years [3] . Hotta et al. confirmed the efficacy of tonsillectomy combined with steroid pulse (TSP) therapy for clinical remission of IgAN [4] . Subsequently, particularly in Japan, TSP therapy has been performed widely [5] , and several studies have demonstrated its efficacy [6] [7] [8] . However, tonsillectomy in the treatment of IgAN remains controversial [1] and the rationale behind tonsillectomy for IgAN patients has not been established.
A multi-hit hypothesis about the pathogenesis of IgAN has been proposed [9] . Innate and acquired factors in the mucosal immune response and environmental factors, such as the presence of microbes, may influence the first and second hits [1] . Previously, a relationship between IgAN and several bacterial species in the tonsils, such as Haemophilus parainfluenzae [10,
and Staphylococcus aureus [12] , has been reported. Although many years have passed since these reports were published, no markers that could be used as an indication for tonsillectomy have been identified.
The human microbiome, which is composed of microbes that live in and on our bodies, has been considered as a source of genetic diversity, a modifier of disease, an essential component of immunity and a functional entity that influences metabolism and modulates drug interactions [13] . With advances in genomic technologies using next-generation sequencing that can analyse enormous amounts of information, the characterization and analysis of the human microbiome have progressed greatly [13] . Especially in the human gut microbiome, associations between the composition of the bacterial community and diseases, such as obesity [14, 15] , inflammatory bowel disease [16, 17] , diabetes [18, 19] , Clostridium difficile infection [20] , malnutrition [21] and chronic kidney disease [22] , have been reported.
To explore the bacteria in tonsils, which have long been implicated in the development of IgAN, we investigated the microbiome composition in the crypts of palatine tonsils of IgAN patients and compared it with those of recurrent tonsillitis (RT) patients without urine abnormalities and children with tonsillar hyperplasia (TH) by using a high-throughput multiplexed 16S ribosomal RNA (rRNA) gene sequencing approach.
M A T E R I A L S A N D M E T H O D S

Ethics statement
This study was approved by the Institutional Review Board of Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan (approval no. 678) and carried out according to the principles of the Declaration of Helsinki. Informed written consent was obtained from every patient or the parents of the children.
Study population
We enrolled 99 patients who underwent tonsillectomy; among these, 48, 21 and 30 were IgAN patients, RT patients and children with TH, respectively. The diagnosis of IgAN was made based on pathological findings, such as light microscopic findings of mesangial proliferation and matrix expansion, and immunofluorescence analysis showing mesangial IgA and C3 deposition. RT was defined as three or more occurrences of acute tonsillitis per year. All IgAN patients underwent tonsillectomy as a treatment for IgAN only, as they did not meet the criteria for RT and were not indicated for tonsillectomy from findings of the tonsils alone. None of the RT patients or children with TH had ever had abnormal urinalysis results before tonsillectomy. We excluded patients who had been administered steroids and/or other immunosuppressive agents within the preceding 2 years and those who had received antimicrobial therapy within 2 months prior to tonsillectomy. At the time of sampling, none of the included patients had an acute throat infection or diabetes.
Collection of tonsillar crypts
The right palatine tonsils were obtained by tonsillectomy under general anaesthaesia. Immediately after resection of the right tonsil, we made a nick at the largest crypt in the upper pole of the tonsil, picked up the deepest part of the crypt, excised the crypt (2-3 mm 3 in size; Supplementary Figure S1 ) and collected it into a sterile 1.5-mL tube. Only two researchers performed this procedure and great attention was given to avoid collecting parts other than the crypts. Samples were then immediately frozen and stored at À80 C until used for the experiment.
Microbiome analysis
Genomic DNA from tonsillar crypts was extracted using a PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer's instructions. Subsequently, for each sample, we amplified the V4 regions of the bacterial 16S rRNA genes using the barcoded-primer approach to multiplex sequencing (Supplementary Figure S2) . The mixed samples were prepared by pooling approximately equal amounts of the polymerase chain reaction amplicons from each sample and were subjected to sequencing using an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA). After merging the forward and reverse reads for the paired-end library, we obtained high-quality reads, and operational taxonomic unit (OTU) clustering and taxonomic assignment were performed. Detailed methods are described in Supplementary data.
Measurement of galactose-deficient IgA1
Serum levels of galactose-deficient IgA1 (Gd-IgA1) were measured using sandwich ELISA kit plates (Immuno-Biological Laboratories Co., Ltd, Gunma, Japan) immobilized with GdIgA1-specific monoclonal antibody KM55 [23] . This was followed by blocking with phosphate-buffered saline (PBS) containing 1% bovine serum albumin and washing with PBS containing 0.05% Tween-20. The diluted serum samples were then incubated on the KM55-coated plates. Plates were washed and incubated with HRP-conjugated mouse anti-human IgA a1 chain-specific monoclonal antibody. After washing, plates were then developed using O-phenylenediamine solution and the reaction stopped using sulfuric acid. Enzymatically generated Gd-IgA1 from human plasma IgA1 was used as standard.
Statistical analysis
Clinical characteristics between IgAN and RT patients were statistically compared by the Student's t-test and Fisher's exact test, and where data did not show a normal distribution, the Mann-Whitney U-test was used. P-values <0.05 were considered to be statistically significant. Differences in genus composition among the three groups (IgAN, RT and TH) or the groups within IgAN patients categorized by clinical and pathological parameters were statistically analysed by permutational multivariate analysis of variance (PERMANOVA) [24] , based on the Bray-Curtis dissimilarity index in the vegan package for the R statistical environment. P-values <0.01 were considered to be statistically significant. Overall differences in genus composition
among samples were visualized by principal component analysis (PCA) using the prcomp function in R.
R E S U L T S
Clinical characteristics of the samples
Forty-eight patients with IgAN diagnosed by renal biopsy, 21 patients with RT and 30 children with TH were enrolled into this study. None of the patients had been treated with antibiotics within 2 months prior to tonsillectomy. Three IgAN patients had been treated with steroids >2 years earlier.
Because the clinical backgrounds of children are distinct from those of adult patients, we compared the backgrounds of only IgAN and RT patients. The distribution of age, gender, body mass index, systolic and diastolic blood pressures, serum creatinine level, blood urea nitrogen level, white blood cell count, platelet count, total protein level and aspartate transaminase level did not differ between IgAN and RT patients. A significant difference was noted in the estimated glomerular filtration rate (eGFR) between IgAN and RT patients. The median urinary protein (UP) excretion of IgAN patients was 0.79 g/ day (interquartile range, 0.30-0.90), and according to the Oxford classification of kidney pathology, there was modest glomerulonephritis with little tubulointerstitial damage ( Table 1) .
Gd-IgA1 in IgAN
Serum samples of 23 IgAN patients at the time of tonsillectomy were available, and the levels of Gd-IgA1 were measured using Gd-IgA1 ELISA. The mean (6 standard 
Bacterial composition in tonsillar crypts by 16S rRNA gene sequencing
We analysed the composition of bacteria in tonsillar crypts in each sample by sequencing the 16S rRNA genes. A total of 11 638 112 high-quality, chimera-depleted sequences were obtained. These sequences represented 300 192 OTUs, with an average (6 standard deviation) of 7649.3 6 6390.9 OTUs detected in each sample (Supplementary Table S1 ). A wide variety of bacteria were observed in each sample. Bacteria from seven genera (Prevotella, Fusobacterium, Sphingomonas, Haemophilus, Porphyromonas, Streptococcus and Veillonella) were observed in all samples and accounted for 54.7% of the total microbiomes. Bacterial composition in tonsillar crypts of IgAN patients consisted mainly of Prevotella spp., Fusobacterium spp., Sphingomonas spp. and Treponema spp. (Figure 1 , Table 2 and Supplementary Table S2) .
We selected the 10 most frequently found bacterial genera in all samples and compared the percentage of abundance of these genera between the three groups. The percentage of abundance of Prevotella spp., Haemophilus spp., Porphyromonas spp. and Treponema spp. were significantly different between IgAN and TH patients (24.6 versus 13.3%, 3.5 versus 32.5%, 6.4 versus 1.0% and 10.2 versus 1.7%, respectively; P < 0.001; MannWhitney U-test) (Figure 2 ). However, there was no significant difference in the percentage of abundance of any bacterial genus between IgAN and RT patients (Figure 2 and Supplementary  Table S3 ). PCA was performed on the genus profile of each sample. This unsupervised analysis showed that the microbiota of TH patients clustered separately against IgAN and RT samples along principal components 1 and 2. However, it was not possible to classify IgAN and RT samples separately using PCA (Figure 3) .
To examine whether genus composition of the tonsillar crypt microbiome differed among the three groups (IgAN, RT and TH), we performed PERMANOVA analysis. There was no significant difference between IgAN and RT groups (P ¼ 0.11), although significant differences were observed when comparing: (i) IgAN and TH groups and (ii) RT and TH groups (P < 0.0001). In our 48 IgAN patients, three patients had been treated with steroid >2 years earlier. We also analysed the data of 45 IgAN patients other than those three patients and confirmed a lack of significant difference in microbiome composition between these IgAN patients and RT patients (data not shown).
Relationship between tonsillar bacterial flora and clinicopathological features
We further classified IgAN patients according to their clinical and pathological parameters: serum IgA levels into a higher serum IgA group (serum IgA >300 mg/dL) and a lower serum IgA group (serum IgA <300 mg/dL); serum Gd-IgA levels into a higher Gd-IgA1 group (Gd-IgA >4 lg/mL) and a lower GdIgA1 group (Gd-IgA <4 mg/mL); the amount of UP into a very mild UP group (UP <0.5 g/day), a mild UP group (0.5 < UP < 1.0 g/day) and a moderate UP group (UP >1.0 g/day); eGFR levels into a preserved eGFR group (eGFR >70 mL/min/1.73 m 2 ) and a decreased eGFR group (eGFR <70 mL/min/1.73 m 2 ); and pathological parameters into Oxford classification, which is limited to IgAN patients who received tonsillectomy within 1 year after renal biopsy. We examined the associations between the genus compositions of the tonsillar crypt microbiomes and each categorized group using PERMANOVA. No significant differences were observed (Supplementary Table S4 ).
D I S C U S S I O N
We performed a comprehensive analysis of the tonsillar crypt microbiome using next-generation sequencing, and we found substantial diversity in the bacterial composition of tonsillar crypts in our enrolled patients. Age-dependent differences in bacterial composition were noted, but the tonsillar crypt microbiome of IgAN patients was not different from that of RT 
These data suggest that latent bacterial infections similar to those in RT might be involved in the pathophysiology of IgAN.
Using new sequencing technology, we could detect many more types of bacteria than the previous bacterial culture-based study that identified 522 strains of bacteria in 53 IgAN patients [25] . Associations between certain bacterial species and IgAN have previously been reported [10] [11] [12] . In our study, bacterial genera such as Haemophilus [10, 11] and Staphylococcus [12] were detected in all samples of both IgAN and RT patients, and they did not associate with any clinical phenotype of IgAN. In addition, it was not possible to discriminate IgAN from RT samples by the abundance of each major bacterium. Recently, Nagasawa et al. performed an analysis of tonsillar flora using denaturing gradient gel electrophoresis where they compared the bands in the gel of samples from IgAN patients and controls [26] . In their study, Treponema spp. or Campylobacter rectus was reported to be associated with the development and progression of IgAN [26] . Although we also observed Treponema spp. as the predominant bacteria in the tonsils of IgAN patients, Treponema spp. and Campylobacter spp. were detectable in all samples of both IgAN and RT patients, and at a genus level, we could not verify the dominance of these bacteria. The 16S rRNA gene sequencing analysis used in the present study yielded much more data than previously. However, it is possible that clinically and pathologically heterogeneous phenotypes of IgAN might be the cause of differences in bacterial composition among the studies.
Unexpectedly, it is notable that the composition of the bacterial community in the tonsils of IgAN patients was not distinguishable from that of RT patients. Two possible reasons might explain this. First, the function of the host tonsils in response to the bacterial condition might be involved in IgAN. An association between IgAN and human leucocyte antigen (HLA) loci has been demonstrated in several genome-wide association studies [27] [28] [29] [30] . It is possible that some types of HLA molecules expressed in immune cells are involved in host response to bacteria. Indeed, Iio et al. analysed the gene expression in tonsils of IgAN patients using a microarray and confirmed differences in the expression profiles of immune system-related genes [31] . Moreover, other reports have indicated overactivation of the immune response in tonsillar tissues of IgAN patients [32] [33] [34] [35] . In mice model, overexpression of BAFF, a B cell activation factor of the tumour necrosis factor family, leads to high circulating levels of polymeric IgA and mesangial glomerulonephritis with IgA deposition, which is dependent on the presence of commensal flora [36] . It is possible that commensal bacteria in the tonsils or intestine interact with underlying host genetic factors, resulting in a perturbation of the mucosal immune defence mechanism. Second, chronic inflammation in the tonsils might lead to a common activation of IgA synthesis in both IgAN and RT patients. Sixteen per cent of Japanese living kidney donors without clinical signs of nephropathy showed deposits of IgA in the mesangium of the donated kidney [37] . As described in the multi-hit hypothesis [9] , RT might potentially increase the synthesis of Gd-IgA1 and the formation of autoantibodies against Gd-IgA1, although the subsequent step might be kept inactive and thus IgAN does not necessarily develop in all RT patients.
Some infrequent or distinctive bacteria might be pathogenic for IgAN. Misaki et al. reported that the cnm gene encoding the collagen-binding protein Cnm in Streptococcus mutans, which is a major pathogen of human dental caries in saliva, is more highly expressed in IgAN patients than in controls [38] . Helicobacter pylori in coccoid form was also reported to be present in the palatine tonsils of IgAN patients, and the authors showed that the prevalence of H. pylori was greater in IgAN than in recurrent pharyngotonsillitis [39, 40] . However, we could not detect this genus in any of the analysed samples despite extensive sequencing procedures. It is unclear whether the differences in methods of DNA extraction resulted in this discrepancy between our study and theirs. Differences in specific genetic elements at a strain level have also been demonstrated to cause lesions such as Propionibacterium acnes in skin diseases [41] . By examining the characteristics and roles of bacteria detected in this analysis in more detail, the specific bacteria or genetic elements that are involved in the development of IgAN might be revealed.
Data on fecal and salivary microbiota in IgAN patients have been published previously [42, 43] . In fecal samples of IgAN patients, microbial diversity was decreased, particularly in progressive patients, and changes in some metabolically active distinctive phylum/family or species were observed [42] . In the salivary microbiome, the ratio between Firmicutes and Proteobacteria was markedly decreased in IgAN patients, and Prevotella spp. were the highest in healthy controls [43] . In comparison with our study, it should be taken into consideration that, in addition to different sampling sites, kidney function of IgAN patients reported in the literature had already declined. In our study, tonsillectomy was carried out within 1 year after IgAN diagnosis by renal biopsy in about 70% of enrolled patients, and >90% of patients were free of steroid treatment or other immunosuppressant use at the time of tonsillectomy. We therefore considered that the results obtained from our microbiome analysis offered a good reflection of the actual bacterial composition in the tonsils related to the onset of IgAN.
It has been reported that a core microbiome is present in crypts of human tonsils, regardless of age and the health status of the tonsils [44] . We also detected the same genera in all of the samples. The high abundance of Haemophilus spp. in the samples from children is a consistent result found in both the previous report and our present study. In the previous report, which compared RT patients with healthy adults using UniFrac analysis, an association was found between a shift in bacterial composition of tonsillar crypts and RT; in particular, Fusobacterium necrophorum, Streptococcus intermedius, Prevotella melaninogenica and Prevotella histicola were associated with RT in adults [44] . In our study as well, analysis at a species level might provide more detailed information about the bacterial composition of tonsillar crypts in IgAN.
The microbiome composition in IgAN patients was not associated with serum levels of IgA and Gd-IgA1 and other clinicopathological features. Certainly, the sample size in this study might have insufficient power to detect a statistical difference. In fact, these clinical and pathological parameters could be influenced by various factors at the same time. To reveal a more precise role of tonsillar microbiome in the development of IgAN, the relationship between the local immune response elicited in the tonsils and bacterial composition should be explored in the future.
This study has several limitations. First, IgAN may be a multifactorial disease, so the causative factors of some cases analysed in this study might not be related to the microbiomes in the tonsils. Second, this study was not a randomized trial and there was some selective bias in that we examined only IgAN patients who underwent tonsillectomy. Third, we were unable to compare the microbiome of IgAN patients with that of agematched healthy controls because normal tonsils were not available and this study only used palatine tonsils removed as a surgical treatment.
In conclusion, the microbiome composition in the crypts of palatine tonsils of IgAN patients was not distinguishable from that of RT patients. This study provides important data for understanding the role of tonsillar bacteria in the development of IgAN. Further investigation regarding the function of bacteria, as well as the host response to the detected bacterial strains, is expected.
